The colonization and survival of Bacitlus species, members of the cutaneous microbial community of humans, were investigated by applying spores of Bacillus licheniformis to the forearms of volunteers. Four strains were tested, including the bacitracin producer ATCC 10716 and its bacitracin-negative mutant. Germination occurred within 24 h. Significant differences in survival population and duration were found among the test strains; however, ATCC 10716 and its mutant produced statistically similar survival curves. In general, an inoculum density of 104 colony-forming units per cm2 allowed survival for at least 2 weeks. Individual variation was extreme, for one subject harbored bacilli for over 2 months and another eliminated the microorganism within 3 days. Individuals could be differentiated into long-term (>21 days) and short-term (<14 days) carriers. Eight of the 11 volunteers (73%) inoculated with ATCC 10716 carried it for 2 weeks, and 5 subjects (45%) continued to support the bacilli for 3 weeks. Spreading of the organism to other regions of the body occurred, but bacilli were not detected in these areas beyond 6 days.
With respect to skin ecology, the gram-positive Micrococcaceae and diphtheroids have been extensively studied (10, 12) , but another common member of the cutaneous ecosystem, the genus Bacillus, has yet to be examined in this way. This is probably a result of the early misconception that bacilli are contaminants (9, 19) or at best transients (8) not deserving of more than passing attention. Today the pendulum may have swung the opposite way with the supposition that bacilli are always significant residents of children (13, 18) and the scalps of dandruff sufferers (16) . Nevertheless, true residency has been documented on some individuals (4, 10, 11) , and this group of microorganisms has now achieved the status of normal flora (12) .
Because of this recent recognition, there is a sparsity of information on Bacillus-skin interrelationships, and that which can be found (7, 14, 17) is of limited usefulness. We have begun an examination of the ecology of skin-borne bacilli and their possible use in bacterioprophylaxis and bacteriotherapy. Our first study (4) determined that an inoculum of spores rather than vegetative cells can permit the survival of the organism on skin for at least 2 weeks. This duration was not due to passive persistence, because bacilli had germinated. The present report concerns the variation in survival of strains of Bacillus licheniformnis, the minor influence of antibiotic production on survival, and the differentiation of people into longand short-term carriers.
MATERIALS AND METHODS
Microorganisms and media. Four strains of B. licheniformis were used: ATCC 10716, which produces bacitracin; a bacitracin-negative mutant of ATCC 10716 induced by nitrosoguanidine (1), designated 10716-M; and, from our collection of skin isolates, Rl and R2, with no antibiotic activity. Bacilli, maintained on Trypticase soy agar (Baltimore Biological Laboratory [BBL]) with 0.05% (vol/vol) Tween 80 (J.T. Baker Chemical Co.), were subcultured in nutrient broth (BBL) three times from receipt or isolation. Spore preparations were obtained by growing the bacilli in the sporulation medium of Gordon et al. (6) . The soil extract broth, having been shaken for 5 days at 35°C on a reciprocal shaker (model R2, New Brunswick Scientific Co.), was centrifuged, and the bacilli were washed twice in sterile, deionized, distilled water and heated at 100°C for 5 min. Spore and Gram staining and a comparison of viable counts (colonyforming units [CFU]) on Trypticase soy agar before and after heating verified the production of spores and the elimination of residual vegetative cells.
Volunteers. A total of 16 people, including 11 white men and 5 white women, ages 20 to 45 years, participated in these studies after giving their free and informed voluntary consent upon appropriate explanation of methods, risks, and benefits. They had washed at will with a nongermicidal soap at least 1 week before and during the entire period of study. One volunteer was diabetic and participated in the ATCC 10716 experiment only; all subjects were otherwise healthy. None was found to be a consistent carrier of bacilli by sampling on three occasions 40-cm2 areas of their foreanns, calves, and foreheads with broth-moistened calcium alginate swabs and subsequent inoculation of each on two Trypticase soy agar plates. 1128 
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Colonization procedure. Some strains of bacilli are capable of forming antibiotics. To determine whether such a factor is a significant enhancer of survival, spores of ATCC 10716 were applied to the left forearms of 11 subjects. The inoculum, 7 x 106 CFU suspended in 0.1 ml of sterile, deionized, distilled water to achieve 1.8 x 105 CFU/cm2, was spread evenly across a zone (5 by 8 cm) and allowed to dry. Specimens were collected at 6, 24, 48, and 72 h and later in weekly intervals. During the first week a different site within the test zone was sampled at each time, proceeding clockwise. At 1 week after inoculation, 40-cm2 areas of the left leg, lower back, forehead, and skin over the upper sternum were sampled with a brothmoistened swab to detect any spreading of bacilli.
Again, two Trypticase soy agar plates were inoculated with the contents of each swab. As controls, the three strains of B. licheniformis without antibiotic activity were applied in turn to the left forearms of other sets of 11 subjects, including 7 volunteers who had participated in the previous experiment with ATCC 10716. All subjects were free of bacilli for 1 month before the application of spores of a new test strain. With the exception of the change to 7-day samples, specimens were obtained at the previously mentioned intervals.
Effects of Bacillus concentration. Spores at a dose of about 105 CFU/cm2 were used in the above experiments. To determine whether a smaller inoculum was suitable for colonization, two groups of three subjects received either 102 or 103 CFU of spores of ATCC 10716 per cm2. Samples were collected after inoculation as before. Volunteers who had supported high, intermediate, and low numbers of bacilli in the previous experiments were selected for these trials. Again, subjects were free of bacilli for 1 month before inoculation of spores.
Sampling method. Stainless-steel wells, measuring 1.5 by 1.5 cm. delimited the area for sampling by our mechanical linear scraper (3) . Wash fluid was the phosphate-buffered, pH 7.9, Triton X-100 of Williamson and Kligman (20) . After two 50-cycle scrapings, the three 1-ml washes were pooled and diluted in a 10-fold series. Trypticase soy agar plates were inoculated in triplicate with 0.25-ml portions and incubated for 2 days at 35°C under 5% CO2 in air. Other portions were heated for 5 min at 100°C and plated; the difference in colony counts was a measure of germination. Bacillus colonies were easily distinguished from normal flora by their morphology. Fig. 1 shows, B. licheniformis ATCC 10716 was a successful colonizer of human skin, with over 70% of subjects harboring the microorganisms 2 weeks after inoculation and 45% harboring the microorganisms at 3 weeks. Three subjects continued to carry the bacillus for 35 days, and one volunteer finally lost the bacterium after 63 days. Germination of spores was noted at 24 h, but the major transition occurred by 72 h. From data of individuals, growth was indicated mainly between 2 and 3 days post-inoculation, and one volunteer, in addition, yielded increased colony counts at 14 days. Sporulation, as indicated by higher spore counts (an event also observed in a previous study [4] ), appeared to take place on three people. Sampling variation, although possible, is discounted because of the interval of time. For instance, the elevated points seen in Fig. 1 at 14 days are over two standard deviations from the mean.
RESULTS As
Dosage was an important factor in achieving colonization (Fig. 2 ). An inoculum of 102 CFU/cm' was completely inadequate, whereas a 10-fold increase would only extend survival to about a week. The rise in counts seen between days 2 and 3 on the middle curve of Fig. 2 was similar to that found in graphs of 6 of 11 individuals who had received the largest inoculum, although this is only hinted by the top curve of the geometric means.
The superior ability of ATCC 10716 to colonize human skin is demonstrated by Fig. 3 . In general, the bacitracin producer survived 2 weeks longer and at a higher density than strains Rl and R2 (Fig. 3A) . Differences were significant when analyzed by Student's t test (for example, at day 2, P < 0.05; at day 3, P < 0.005; and at day 7, P < 0.001). However, no statistically significant difference in survival was found between ATCC 10716 and strain 10716-M (at day 3,P>0.2, and at day 14,P>0.1).
Inspection of individual data ( Fig. 3B through E) showed the wide variation in Bacillus survival among volunteers. Whereas strains Rl and R2 yielded essentially equivalent results for the subject of Fig. 3E , differences between the two bacilli were observed in other volunteers. Strain R2 acted more like ATCC 10716 for the volunteer represented by Fig. 3D . Strain 10716-M could persist at a greater density than ATCC 10716, as in Fig. 3C , D, and F, or with a lower population, as in Fig. 3B and E.
The degree of variation in the carriage of B. licheniformis was like that noted in our earlier study with B. firmus (4) . Some subjects were generally refractory to Bacillus colonization (Fig. 3C) . In contrast, four volunteers who par-ticipated in this investigation provided a favorable habitat for bacilli, permitting colonization for at least 1 month. One such subject seemed to be on the verge of eliminating all of his bacilli on day 6, but the precipitous survival curve suddenly leveled and bacilli remained at a vegetative 10-CFU/cm2 plateau for 4 additional weeks. Figure 3F provides an example of longterm carriage. None of these long-term carriers who were inoculated with ATCC 10716 and the control strains showed any significant differences (P > 0.05) in their support of bacilli.
Spreading of bacilli to other areas of the body was evident. Upon sampling after a week, we isolated several colonies of ATCC 10716 from 6 of 11 subjects. Volunteers carried more bacilli on the forehead, but all tested skin sites were affected, including the unexposed lumbar region. The control right forearm was often positive for all test bacilli during the study, all volunteers carrying the organisms on this site at least once. None were positive on day 14, however.
We should further note that no volunteer suffered any disease or discomfort as a result of the carriage of B. licheniformis and that skin sites remained normal in appearance.
DISCUSSION
In the few reports which involved the application of Bacillus species to human skin, the subject of study was the antibacterial properties of epidermis. All have involved the hand. Schiemann and Landau (17) in 1919, after immersing fingertips into a broth culture, recovered viable spores up to 20 h later. In 1933 Hill and White (7) claimed that, in 34% of trials, spores of B. anthracis and B. subtilis, recently inoculated upon agar, were killed upon 5-min contact with fingertips. Without offering any experimental detail, Price (14) noted that some hundreds of thousands of cells of B. subtilis, when rubbed upon his hand, disappeared entirely within 3 h.
Our previous work (4) had demonstrated the advantage of a spore inoculum over one composed of vegetative cells and the suitability of normal skin as a habitat. In the present study variation was found in the survival curves of different strains of B. licheniformis. The superior survival of ATCC 10716 probably seen within grouped data was not due to its synthesis of bacitracin as a competitive factor with resident flora, because the antibiotic-negative mutant survived almost as well. (Indirect evidence for the production of bacitracin on skin was obtained [5] .) However, among individuals differences in survival between 10716-M and ATCC 10716 may still be explained by antibiosis, because in some instances antagonists may have Appi,. ENVIRON. MICROBIOL. been eliminated and for some subjects cooperative flora may have been suppressed. Successful colonization required the high dose of 104 to 105 CFU/cm2. Nonetheless, survival of bacilli was substantially better than many other microorganisms (2, 15) , which makes them suitable candidates for our research program.
Throughout this report we have used the terms "survival" and "colonization." One does not preclude the other. Of course, a microorganism may persist for a short while in a habitat without growth or proliferation-the common but improperly restrictive use of "survival," and "colonization" does imply reproduction and relative durability, but not necessarily permanence. Our test bacilli, however, seem to germinate and reproduce on skin but are eliminated within a few weeks. This is akin to walking slowly up a descending escalator. That escalator is manifested as desquamation, a process by which passive microbes are eliminated within a couple of days. Hence, bacilli survive by colonizing the skin.
We are intrigued with the variation among volunteers and have monitored two extreme cases. One subject reduced the carriage of ATCC 10716 over 1,000-fold within 24 h, losing the organism completely between 3 and 6 days. Another volunteer harbored bacilli for 2 months. Interrogation regarding diet, bathing habits, cosmetics, contact with chemicals, and the like offered no clues. The normal floras of both individuals were of the same density and were similar in composition, including the presence of diphtheroids (5) . Variation in the quantity or type of lipids may be the critical factor (2) and bears further investigation. We could differentiate the volunteers into long-term (over 21 days) and short-term (under 14 days) carriers. Apparently, long-term carriers are generally supportive of bacilli, because one such subject also successfully carried B. firmus in our earlier study (4) .
In summary, our data suggest the following sequence of the colonizing process of bacilli. For the first 6 h or so, spores resist the forces of desiccation (15) , and although, along with squamae, some are continually being removed by abrasion or natural shedding, most lodge in favorable clefts and pores. Under laboratory conditions a large inoculum is needed, perhaps to overcome certain sporicidal factors. Germination occurs within 24 h, but the event is limited to a relatively small proportion of the spores. Between 48 and 72 h the vast majority of bacilli enter the vegetative state. Spores are still present for at least 6 days; the remainder finally germinate or are cast off. The 48-to 72-h period APPL. ENVIRON. MICROBIOL. is marked by great activity. The bacilli reproduce in the presence of various antimicrobial factors (2, 15) . Depending on individual differences in skin nutrients, microclimate, and inhibiting substances of host or resident flora origin, in addition to strain variation in susceptibility and in metabolism, the total population may plummet or for a short while may even increase. However, in most instances the intrinsic rate of growth is moderately less than that of reduction. After 72 h the rate of reproduction is slowed, possibly by autocompetition or depletion of nutrients, and the dynamics of the population return the survival curve to its rapid downward course. Bacilli can spread to distant regions of the body, but numbers are insufficient to achieve colonization. Nevertheless, a more localized effect is seen, with a widening zone of inhabitation. The large number of active cells may for a period intLuence or interact with surrounding normal flora. The antibiotic-producing Bacillus has a double-edged sword, for besides eliminating antagonists, it can also inhibit beneficial microorganisms. Perhaps by selection, a small population will continue to persist, dividing more or less at the rate of elimination. Although sporulation occasionally may occur, the last survivors remain in the vegetative state in a temporary period of harnony with their environment. Eventually a flux in microclimate, skin composition, or some other factor will upset the balance and cause the elimination of the bacillus.
